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W
heat flour extraction rate during milling is an important end-use quality trait. The bran contains a greater portion of minerals than the endosperm, and the amount of bran contained in the fl our increases mineral composition or the ash content and also decreases the brightness of the fl our (Kent-Jones and Ames, 1967) . To obtain high quality fl our that is more refi ned, brighter, and high in extraction rate, wheat end-users use ash content and fl our color as predictive methods for classifying the fl our (Kent-Jones and Ames, 1967) . Also, fl our color is an important quality trait for many end-use products, such as bread and noodles (Kruger and Reed, 1988) . The most widely used assay for fl our color measures the whiteness of a fl our with colometric measurements based on L* (brightness), a* (greenness or red-green chromaticity), and b* (yellowness). For yellow alkaline noodles, a fl our with high b* value is desirable for both Japanese and Chinese yellow noodles (Kruger et al., 1992) . However, in the United States and other parts of the world, a white fl our with extremely low value (zero) for b* and high value (100) for L* is desirable for bread-baking quality (Kruger and Reed, 1988) . Bakers often
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eliminate yellowness and maintain whiteness by bleaching the wheat fl our with benzoyl peroxide. The degree of yellowness is mainly infl uenced by quantities of carotenoids, xanthophylls and carotenes, and fl avonoids such as fl avones (Kent-Jones and Ames, 1967; Miskelly, 1984) .
In breeding programs, the phenotypic selection and measurements of fl our color are laborious and require large quantities of grain samples to be milled. Based on phenotypic selection alone, the fl our-related traits could only be evaluated during the advanced stages of breeding populations. Better knowledge of the genetic basis of fl our color and milling yield related traits would enable breeders to improve the traits from the early stages of breeding populations. Bhatt and McMaster (1976) studied the inheritance of fl our color in several wheat crosses and concluded that there were two major genes whose mode of action on yellow pigment content (YPC) was modifi ed by the presence of minor genes. Using quantitative trait loci (QTL) analysis as a tool for understanding the genetic basis of a quantitative trait, such as fl our color, Parker et al. (1998) reported two QTL on chromosomes 7A and 3A explaining 60 and 13% of the total phenotypic variation in b* (yellowness), respectively. Mares and Campbell (2001) , Kuchel et al. (2006) , and Zhang et al. (2009) also identifi ed QTL infl uencing fl our color. The QTL studies for fl our color reported thus far have been related to the germplasm used for noodle production where high levels of yellowness are desirable. To our knowledge, there have not been comprehensive QTL studies for fl our color in a germplasm used for bread-making, in which low levels of yellowness are desired.
In this paper, we identifi ed QTL aff ecting fl our color and other milling characteristics in hard red spring wheat breeding lines adapted to the Upper Midwest region of the United States. Availability of functional DNA markers could be a fi rst step for marker-assisted selection as a potential approach to the successful elimination of yellowness and improvement of milling performance in breeding programs that are aimed at developing varieties for bread wheat.
MATERIALS AND METHODS
Plant Materials
Two University of Minnesota hard red spring wheat breeding lines (MN99394 and MN98550) were crossed to produce a mapping population of 139 F 6:8 recombinant inbred lines (RILs). The mapping population was developed by the single-seed descent method from the F 2 generation until F 6 . The mapping population segregated for several agronomic and bread-making traits (Tsilo et al., 2010b) . This population, its parents, and three check varieties were grown under fi eld conditions at three Minnesota locations (Crookston, Morris, and St. Paul) in 2006. The check varieties were 'Alsen' (Frohberg et al., 2006) , 'Verde' (Busch et al., 1996) and 'Oklee' (Anderson et al., 2005) . Experimental lines were planted in yield trials with 2.6 m 2 of plot size, and plots were laid out in a randomized complete block design with two replicates per line per location. Three check varieties and parents had eight replicates per location. The grain was harvested using a combine harvester. For RILs, grain samples from two replicates were bulked to provide grain for quality analysis. For checks, grain samples were bulked to produce four representative samples per check.
Milling Yield and Flour Color Evaluation
Grain samples harvested from fi eld trials were submitted for quality analyses at the USDA-Agricultural Research Service (ARS) Wheat Quality Laboratory in Fargo, ND. Seven-hundred grams of clean grain was tempered to 16.5% moisture content and milled using Quadrumat Senior Break and Reduction grinding heads (C.W. Brabender Instrument Inc., South Hackensack, NJ). Flour ash content, a measure of the degree of the endosperm separation from the bran during milling, was determined using American Association of Cereal Chemists Approved Method 08-01 (American Association of Cereal Chemists, 2000). For each sample, the weight of the fl our, shorts, and bran were recorded and the fl our extraction rate was calculated and expressed as a percentage. Flour samples were evaluated for fl our color using a Minolta CR-200 Chroma meter, Minolta Camera Co., Ltd. (Ramsey, NJ) based on 3-dimensional color values with the following rating scale: L* value for whiteness (100 white, 0 black), a* value for red-green chromaticity (+60 red, −60 green), and b* value for yellowness (+60 yellow, −60 blue). Flour protein content was determined by nitrogen combustion analysis using American Association of Cereal Chemists Approved Method 46-30 (American Association of Cereal Chemists, 2000).
Statistical Analysis
Analysis of variance was conducted using PROC GLM in SAS statistical software package version 9.1 (SAS Institute Inc., Cary NC), with genotypes and locations as random eff ects. Because samples were bulked over replications within environments, the main eff ects of genotype and environment were tested for signifi cance using the genotype × environment mean square (MS ge ). The genotype × environment interaction was tested for signifi cance using the error mean square that was estimated from the check genotypes that were replicated within environments according to an augmented design defi ned by Federer (1961) . The Fisher's least signifi cant diff erence (LSD 0.05 ) calculated from the error mean square was used to compare the difference between the means of parents. Variance components for genotypes and genotype × environment were used to obtain estimates of the broad-sense heritability (h B 2 ) as:
2 /e) + (σ e 2 /re)] in which σ g 2 , σ ge 2 , and σ e 2 were genotypic variance, genotype × environment interaction variance, and error variance, and r and e were numbers of replications per environment and environments, respectively. The relationships of all milling properties were assessed by Pearson correlation coeffi cients using PROC CORR of SAS. Correlation coeffi cients of milling properties with kernel characteristics and bread-making properties were also calculated.
Quantitative Trait Loci Mapping and Analysis
Twenty to thirty plants from each RIL were grown in the greenhouse and the leaf tissue was harvested for DNA extraction. DNA was extracted from the ground tissue following protocols described by Riede and Anderson (1996) and modifi ed showed transgressive segregation ( Table 1 ), suggesting that parents may diff er at several loci controlling fl our color with both parents contributing favorable alleles.
Based on the ANOVA, our results agree with those of Parker et al. (1998) and Zhang et al. (2009) , indicating the signifi cant eff ects of genotype (G), environment (E) and genotype × environment (G × E) interaction on fl our color (Table 2) . Only L* and a* did not show G × E interaction. Other milling properties showed signifi cant eff ects of genotype and environment (Table 2 ). For example, the fl our ash content showed similar results with Pyler (1988) and Butt et al. (2001) , who observed a signifi cant diff erence in fl our ash content among wheat varieties. The estimated broad-sense heritability (h B 2 ) on an entry mean basis for fl our color and other milling parameters were calculated as the proportion of total variance allocated to genotype (Table 2 ). For example, yellowness (b*) had the highest heritability of 0.93, meaning that genetic improvements on this trait are promising.
The correlation coeffi cients among diff erent fl our color parameters and bread-making quality traits were calculated from the overall mean values of three environments (Table 3) . For example, the b* values showed signifi cant negative correlations with L* values (r = −0.41 at p ≤ 0.001) and a* values (r = −0.48 at p ≤ 0.001) and also with bran (r = −0.21 at p ≤ 0.05), shorts (r = −0.19 at p ≤ 0.05), and bread crumb color (r = −0.30 at p ≤ 0.001). As expected, yellow fl our does not make bread with a good crumb color (Table 3 ). The L* values showed signifi cant negative correlations with fl our yield (r = −0.25 at p ≤ 0.01), fl our protein (r = −0.24 at p ≤ 0.01), fl our ash content (r = −0.67 at p ≤ 0.001), and bake water absorption (r = −0.36 at p ≤ 0.001); however, correlations were positive with mixing strength properties, such as midline peak time (r = 0.22 at p ≤ 0.01). The correlation of L* and ash content (r = −0.67 at p ≤ 0.001) was in agreement with Kent-Jones and Ames (1967) , who mentioned that the increase in fl our ash content also decreased the brightness of the fl our. Selection for high L* in this population resulted in fl our samples with very low b* values; however, the negative associations involving L* and bake water absorption will not be favorable in breeding programs that focus on bread-making wheat products, where both high water absorption and high L* values are desirable. Since some genotypes had high L* values and good baking properties, it should be noted that this low negative association between these traits could be eliminated by selecting for both traits. Alternatively, selection could be applied to eliminate the yellowness, the most undesirable property that aff ects bread crumb color. Elimination of yellowness also helps to improve kernel characteristics such as test weight, grain protein content, kernel weight, kernel diameter, and kernel size distribution (Table 4) . Flour yield and grain yield were positively correlated in this population (r = 0.20 at p ≤ 0.05). Studies have shown that an increase in fl our yield resulted from an increase in kernel weight (Wiersma et al., 2001 ) and kernel size (Marshall et al., by Liu et al. (2006) . Parents were screened with 877 simple sequence repeat (SSR) primer pairs using capillary electrophoresis, the ABI 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA). Two hundred and forty-nine polymorphic markers were used to genotype the RILs, following the protocols described by Tsilo et al. (2009) . Genomic DNA of parental lines and RILs were sent to Diversity Arrays Technology Pty Ltd. (http://www.diversityarrays.com, verifi ed 14 Oct. 2010) for Diversity Arrays Technology (DArT) marker genotyping with 5137 clones. Diversity Arrays Technology genotyping followed protocols previously described by Akbari et al. (2006) . A linkage map was constructed with MAPMAKER/EXP version 3.0b and contained 531 SSR and DArT marker loci. The map also had three genes: the stem rust resistance gene Sr6, previously mapped in a Chinese Spring near-isogenic population (Tsilo et al., 2009 ) and two high-molecular weight glutenin genes denoted with the gene-based markers umn19 and umn26 for Glu-1A and Glu-1D, respectively (Liu et al., 2008) . The map consisted of 47 linkage groups and spanned a distance of 2508 cM and covered all 21 wheat chromosomes. Quantitative trait loci analysis was performed for each location and also for the mean over environments using composite-interval mapping (CIM) in QTL Cartographer V2.5 (Wang et al., 2005) . Three hundred permutations were performed with a signifi cance level of 0.05; however, to avoid obvious Type II error, a putative QTL was declared when the logarithm of the odds (LOD) score was greater or equal to a LOD score of 2.5. The best estimate of QTL location was the chromosome position having the highest signifi cance level. For each QTL, a chromosome region that has signifi cance level above a threshold is indicated by a vertical bar on the genetic map. For each trait, the total phenotypic variation explained by all the QTL in the model was estimated using multiple regression analysis in SAS. The QTL were named according to the guidelines described in the Catalogue of Gene Symbols for Wheat (McIntosh et al., 2008) .
RESULTS AND DISCUSSION
Phenotypic Variation and Correlation Analysis of Milling Yield and Flour Color Characteristics
The means and ranges for all milling yield and fl our color characteristics are summarized in Table 1 together with the mean values for MN99394 and MN98550. For example, b* values, which measure yellowness of the fl our, showed a mean of 8.96 and a range of 7.88 to 10.01 for trait values averaged across all environments. Trait distribution for fl our color and other milling properties was normal. Based on an earlier study of inheritance of fl our color in bread wheat, Bhatt and McMaster (1976) estimated one or two major genes controlling the expression of pigment color content (b*) with few minor genes based on the F 2 segregation ratios of 3:1, 15:1, 13:3, and 9:7 for diff erent populations. Parker et al. (1998) observed bimodal and normal distributions for b* under diff erent environments with no evidence of transgressive segregation. However, on the basis of the LSD 0.05 , in the present study both L* and b* 1984; Berman et al., 1996) . In this study, similar results were observed, although correlations were variable (insignifi cant to signifi cant) and low depending on environments, with Crookston and St. Paul showing signifi cant correlations (data not shown). Based on a trait mean value of three environments, however, no signifi cant correlations were observed involving fl our yield with kernel weight and kernel size (Table 4) , indicating strong environmental eff ects.
QTL Analysis for Flour Color Parameters
Based on means over three environments, three QTL (QFb*. mna-5B.1, QFb*.mna-5B.2, and QFb*.mna-5D) were detected on chromosomes 5B and 5D for b*, with each explaining more than 12% of the phenotypic variation (Table 5 and Fig. 1 ). The positions of the QTL on linkage groups of chromosomes are provided together with their closest marker interval or markers at the highest peak of the LOD score. . ‡ In each environment, the logarithm of the odds (LOD) score and percent phenotypic variation (R 2 × 100) explained by each of the QTL are provided along with the additive (Add) allele effects for the loci. Positive additive allele effects indicate that the QTL alleles were contributed by MN99394, and negative means that the QTL alleles were contributed by MN98550. All locations are in Minnesota. § Environments in which QTL were not declared because their LOD score was less than 2.5. Figure 1 . Partial chromosome regions depicting quantitative trait loci associated with fl our color: brightness (FL*), yellowness (Fb*), and greenness (red-green chromaticity) (Fa*); bran; shorts; fl our yield (Fyld); fl our ash content (Fash); and fl our protein content (Fpc). The approximate quantitative trait loci (QTL) location for each trait is based on the mean of three environments or one of the two environments, and is indicated by the intersection of vertical bar (a chromosome region having the logarithm of the odds (LOD) scores above 2.5) and horizontal bar (indicates the maximum LOD score, and the magnitude of the LOD score is indicated by the thickness of the bar). Detailed information for each QTL is given in Table 5 . Separate linkage groups within a partial chromosome are indicated by discontinuous genetic distance. Map distances were determined based on Haldane mapping function and are given on the left.
Of the three QTL, two (QFb*.mna-5B.1 and QFb*.mna-5D) were very stable and were detected in all three environments (Table 5 ). Based on the multiple regression analysis, all three QTL explained 27.1% of the total phenotypic variation in b* (Table 6 ). For L*, fi ve QTL were found with two on chromosome 1A (QFL*.mna-1A.1 and QFL*.mna-1A.2) and others on chromosomes 5A, 5D, and 7B (Table 5 and Fig. 1 ). Based on the multiple regression analysis, all fi ve QTL explained 63.7% of the total phenotypic variation in L* (Table 6 ). Of the fi ve QTL, three QTL on 1A, 5D, and 7B were very consistent and were detected in at least two of the three environments (Table 5) . For b* and L*, both parental lines contributed positive alleles. Alleles at the 5D QTL, closely linked to the marker Xbarc130, infl uenced both b* (LOD 5.5 and R 2 = 13.7) and L* (LOD 10.9 and R 2 = 22.2%) with alleles from MN98550 contributing to a decrease in yellowness for b* and an increase in brightness for L*. This 5D QTL refl ects the negative phenotypic correlation observed between b* and L*, and the QTL coincided with the hardness (Ha) locus on 5DS reported by Mattern et al. (1973) , which is known to infl uence endosperm texture. The tightly linked puroindoline genes, Pina and Pinb, function as the Ha locus (Sourdille et al., 1996; Morris, 1997, 1998) . Both parental lines in this study are hard wheat breeding lines carrying a null mutation in Pina (PinaD1b allele), consistent with the published results Morris, 1997, 1998; Morris et al., 2001; Pan et al., 2004) . The population segregated for endosperm texture and studies are in progress to determine if this population carries known alleles or new alleles of Pinb.
Previously reported QTL for L* and b* were located on chromosome arms 2DS, 3AS, 3BL, 4BS, 5BL, 7AL, and 7BL (Marshall et al., 2001) . Parker et al. (1998) reported two QTL on chromosomes 7A and 3A, which accounted 60 and 13% of the total phenotypic variation in b*, respectively. Mares and Campbell (2001) also found 7A QTL in two of the three double haploid populations of Australian wheat infl uencing b*. Schmidt et al. (2004) located two QTL on 3A (R 2 = 5%) and 4B (R 2 = 12%) for b* and one QTL on 4B (R 2 = 5%) for L*. Kuchel et al. (2006) located a major QTL on chromosome 7B for L*, a*, and b*, explaining up to 77% of the phenotypic variation. The authors also identifi ed minor QTL for L* and a* as Glu-A3 and Glu-B3 loci, respectively. Recently, Zhang et al. (2009) analyzed the eff ect of 1B.1R translocation on yellow pigment content and identifi ed two major QTL for YPC associated × 100) explained by joint effects of the QTL are provided. Positive regression coeffi cient indicates that the QTL alleles that increased the regression were contributed by MN99349, and negative means that the QTL alleles that increased the regression were contributed by MN98550.
with 1B.1R translocation and the phytoene synthase gene located on chromosome 7A. Zhang et al. (2009) also identifi ed QTL for b* on 1A (R 2 = 2.4), 1B (R 2 = 26.1), 3B (R 2 = 1.4), 4A (R 2 = 2.5), and 7A (R 2 = 35.9) and for a* on 1B (R 2 = 7.8) and 7A (R 2 = 12.6). In our study, only one QTL was identifi ed on chromosome 1A explaining 37 and 39% of the variation in a* in St. Paul and Crookston locations, respectively (Table 5 and Fig. 1 ). To our knowledge, most of the QTL studies for fl our color presented to date have used germplasm with the high yellow pigment content, a trait most desired for yellow alkaline noodles where a fl our with high b* value is desirable for both Japanese and Chinese yellow noodles (Kruger et al., 1992) .
QTL Analysis for Milling Properties
One QTL on 5B explained up to 12.2% of the variation in shorts (Table 5 and Fig. 1 ). The QTL was not consistent across environments. Lack of consistent QTL for the shorts also agrees with the low heritability (0.27) observed on this milling property (Table 3) . Five QTL infl uenced the proportion of bran, with two of the QTL (QBran.mna-1B.1 and QBran.mna-5B) explaining 15.3 and 16% of the variation in bran amount, respectively (Table 5 and Fig. 1 ). These two QTL were also detected in at least two of the three environments (Table 5 ). The other three QTL were QBran.mna-1B.2 (R 2 = 8.3), QBran.mna-2D (R 2 = 9.2), and QBran.mna-5D (R 2 = 7.0). Based on the multiple regression analysis, all fi ve QTL explained 33% of the total phenotypic variation in bran (Table 6 ). Both parental lines contributed favorable alleles for the amount bran depending on the QTL, as specifi ed in Table 5 . Bran QTL have not been reported before as many studies have mainly focused on fl our yield. In this study, three QTL for fl our yield were detected on 1B, 5B, and 5D (Table 5 and Fig. 1 ). Together they explained 34% of the variation in fl our yield (Table 6) . Two of the fl our yield QTL coincided with two of the fi ve bran QTL, with 1B and 5B QTL explaining a substantial variation in both traits (Table 5) .
Quantitative trait loci infl uencing fl our yield have previously been reported by several groups. Parker et al. (1999) identifi ed three QTL on chromosomes 3A, 5A, and 7D. The authors also found that chromosome 5DS that carries endosperm texture genes did not have any association with fl our yield, and no correlation was observed between the endosperm texture and fl our yield. This was partly because the parental varieties Schomburgk and Yarralinka did not diff er signifi cantly in endosperm texture. In our study, the 5D QTL for fl our yield was in the vicinity of genes for endosperm texture, the same region reported by Campbell et al. (2001) from a mapping population of a soft × hard wheat cross. The authors also identifi ed QTL on 1B, 3B, and 6B. Smith et al. (2001) identifi ed four QTL for fl our yield on 2B, 2D, 5B, and 7D in diff erent mapping populations of 'Cranbrook' × 'Halberd' and CD87 × 'Katepwa'.
The QTL on 5B was of a particular interest to the authors because it was detected in two mapping populations with slightly diff erent positions. The markers fl anking this QTL were under further investigation as indicated by the authors. In our study, the 5B QTL explained 16% of the variation in fl our yield and was positioned at a similar position as in the CD87 × Katepwa population of Smith et al. (2001) . McCartney et al. (2006) identifi ed three QTL on 1B, 3B, and 7D. In their study, the fl our yield QTL on 7D was the major QTL explaining 18% of the variation. This could be the same QTL identifi ed by Parker et al. (1999) and Smith et al. (2001) . Campbell et al. (2001) and McCartney et al. (2006) identifi ed a QTL on 1B. In our study, the QTL on 1B explained 18.7% of the variation in fl our yield. The same QTL was previously reported by Smith (2008) , and it explained 25% of the variation in FYL in his study.
Four QTL for fl our protein content were detected on chromosomes 1B, 2B, 5A, and 6D (Table 5 and Fig. 1 ). Together they explained 42.3% of the total phenotypic variation in fl our protein content (Table 6 ). The QTL on 2B, 5A, and 6D were the same QTL detected for grain protein content (Tsilo et al., 2010a) . The QTL QFpc.mna-6D explained up to 18% of the total variation in fl our protein content and was detected in all environments (Table  5) . Two QTL on chromosomes 2B and 5A were detected only in two of the three environments (Table 5) . A QTL on 1B was not consistent across environments, but it was also detected based on the mean of three environments. Flour yield and fl our protein content had QTL on 1B, near the high molecular weight glutenin Glu-B1 locus. For fl our ash content, QTL were identifi ed on six chromosomes (1A, 4A, 4B, 5A, 5D, and 7B) ( Table 5 and Fig. 1 ). All six QTL explained 45.3% of the total phenotypic variation in fl our ash content (Table 6 ). The QFash.mna-1A explained 12.4% variation in ash content (Table 5 ). The second QTL with the highest R 2 of 10.3% was QFash.mna-7B. Of the six QTL, four QTL were detected in at least two of the three environments with the same QTL positions, indicating that the QTL were consistent.
Some of the QTL detected in this study provided validation of QTL previously detected by other research groups. DNA markers and new QTL identifi ed in this study would provide opportunity for the application of marker-assisted selection for the traits that are not so easy to phenotype at the early stages of breeding programs.
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